ABSTRACT
Introduction
Nowadays, we live in a society where any activity, whether work or leisure, requires the consumption of large amounts of energy. Approximately, global energy consumption is estimated at 16 TW, and it is expected that this increase by 53% in next 30 years (EIA 2011) .
One of the areas in which it can be advanced more, especially in industries, is the However, when the energy consumption of the chemical industry is analyzed, it checks that separation processes involves the highest energy cost. Between the different separation techniques, distillation is the most important and commonly used in all chemical and petrochemical industries. Distillation handles more than 90% of separations (Humphrey 1995) and this trend seems unlikely to change in the near future. Mix et al. (Mix et al. 1978 ) calculated that distillation processes consumes about the 60% of the total energy consumption in the chemical and petrochemical industry. In conclusion, it is estimated that only distillation processes consumes about the 3% of global energy (Humphrey and Siebert 1992; Engelien and Skogestad 2004) . Only in USA, the energy cost of the distillation processes is equivalent to 54 million tons of crude oil. Therefore, any energy saving achieved in the distillation processes will be an important energy saving globally.
The reason for which the distillation consumes large amounts of energy is that the process is highly inefficient. This is illustrated by the fact that the heat (used as separating agent) is conventionally provided in the reboiler where temperature of the process is maximum (T B ), then heat is removed in the condenser where temperature is minimum (T D ). This characteristic produces that the heat recovered in the condenser cannot be reused for heating other areas thereof distillation unit. Actually, the heat is degraded in the temperature T B -T D , this is a consequence of thermodynamic inefficiency of the distillation process.
The major source of inefficiency is due to the irreversible mixture of non-identical streams along the column. In conventional columns (a column with a single feed, distillate and bottoms as products, a condenser and a reboiler), products with intermediate volatilities often reach a maximum concentration at an intermediate plate of the column, and then decrease their concentration in the products (distillate and bottoms) to satisfy the overall material balance. This backmixing affects separation efficiency. Other potential source of inefficiency is the differences between the feed composition and the liquid composition that reaches to the feed plate (even after having optimized the location of the feed plate). And finally, the inefficiency associated with the backmixing in the condensers and reboilers. In fact, the overall thermodynamic efficiency of a conventional distillation is around 5-20% (Humphrey et al. 1991; De Koeijer and Kjelstrup 2000) .
To improve the thermal efficiency of a distillation column, various methods, such as intercoolers-interheaters, heat pumps, secondary reflux and vaporization, and multiple-effect columns, have been explored. Basically, the idea is to reduce the external energy inputs by effectively utilizing the heat energy from the distillation units and to distribute the heat more uniformly along the length of the columns.
An excellent review which discusses the different energy-efficient distillation techniques was presented by Jana (Jana 2010) . Few of the heat integration arrangements for distillation systems are:
(i) Heat pump-assisted distillation columns, the overhead vapor is compressed and then used as a heating medium in the bottom reboiler (ii) Multi-effect distillation columns, the hot distillate vapor stream may be thermally coupled with the next column bottom liquid stream in the reboiler (iii) Heat integrated distillation columns, the rectifying and stripping sections are internally coupled through heat exchangers. A compressor and a throttling valve are installed between the two sections for maintaining the driving force (iv) Divided wall distillation columns (DWC), a ternary mixture can be distilled into pure product streams with only one distillation structure, one reboiler and one condenser. Obviously, this reduces the cost of separation It is proven that the heat integration leads to a significant improvement in energy efficiency with reducing the reboiler and condenser duties. By proper process design, even sometimes, there is no need of any bottom reboiler and/or reflux condenser for a heat integrated distillation unit.
A renew interest in Thermally Coupled Distillation (TCD) appeared in, say the last 15-20 years, due the important potential savings in energy: typical values around 10 to 50% has been reported (Ruud 1992; Fidkowski and Agrawal 2001; Caballero and Grossmann 2006 ) when compared with conventional distillation sequences. Although it has been proved that fully thermally coupled systems are the arrangements that require the minimum energy in a sequence of columns (Halvorsen and Skogestad 2003) it is possible to identify situations in which some column sections are operating far away the optimal conditions. This paper presents an alternative configuration of heat pump-assisted TCD columns.
This new alternative can be applied on thermally coupled distillation columns that some column sections are operating far away from the optimal conditions, saving important amounts of energy. Finally, different examples are presents which illustrate the methodology used and the results obtained.
Motivation
As has been mentioned, the thermally coupled distillation (TCD) gets the lowest energetic requirements in a given sequence of distillation columns (Halvorsen and Skogestad 2003) . However, there are many cases where some of the sections of the TCD column operates far from optimum conditions, which means that energy consumptions are not optimal (at least in comparison with the conventional columns), This is due to the intrinsic characteristics of the TCD column. On a practical or industrial level, thermally coupled distillation can be developed as a divided wall distillation column (DWC), which is thermodynamically equivalent to a Petlyuk configuration column (Petlyuk et al. 1965) . For the sake of simplicity, but without losing generality, we will focus on the special case of a three component Petlyuk configuration or its thermodynamically equivalent Divided Wall Column (DWC). It will be evident that the extension to other thermally coupled configurations with more complex arrangements is straightforward.
The simulation of a DWC or its equivalent Petlyuk configuration can be carried out by decomposing in their three separation tasks. Each one of these tasks can be simulated as a conventional distillation column (Figure 1a) . First of all, the characteristics (nº of trays, feed trays, diameters,…) of the Petlyuk column must be calculated in order to study its correct When a Petlyuk column is simulated, it is evident that the mass balance must be satisfied in all couplings. While the couplings between columns 1 and 2 with column 3 are produced by side stream extraction, the connection between the column 2 with column 3 is produced by direct binding of both columns. This fact makes that both columns must operate in a similar internal flows interval not to change their behavior and configuration. 
to make both flows even which increased the diameter of the column section and as a result the capital cost of column.
Furthermore, the adjustment of flows produces that some sections work in suboptimal conditions (at least when compared to the individual separations tasks). This behavior is equivalent to say that the column with larger flows is the "dominant column". If the dominant column is column 3 we have to increase flows in column 2 and then condenser duty increases.
If the dominant column is column 2 the flow adjustment in column 3 produces an increase in the and consider it as a cold/hot stream that can be used elsewhere in the plant and returning this stream as vapor/liquid to the column, which provide the excess needed in column 2.
The basic idea presented in the present study is to extract this excess vapor or liquid stream and used it in a VRC to reduce the energetic requirements of the column.
Methodology
As has been mentioned, the simulation of a DWC or its equivalent Petlyuk configuration can be carried out by decomposing in their three separation tasks (each one of these tasks can be simulated as a conventional distillation column) ( Figure 1 ) .
The simulation in a commercial simulator is performed sequentially and consists of three stages. First of all, each one of the column should be characterized. To do that, we calculated the number of trays and the feed tray required in each column for a desired separation. To do this, we use a shortcut model: either Underwood-Fenske for near ideal systems; or simple trial and error for non-ideal systems. Note that we are not interested in optimizing the column, but only in developing an easy and reliable simulation. However, in general, this approach cannot be implemented in modular process simulators, because the degree of superheating and/or subcooling can be so large that it might produce results without physical meaning, and thus the simulator may fail to converge. Navarro et al (Navarro et al. 2012 ) solved this problem. They check that it possible substitute the superheating or subcooling streams with a combination of a material stream and an energy stream, with average error 2% for 3 component mixture. In the rectifying section, the material stream is vapor at its dew point and the energy stream is equivalent to the energy removed if we include a partial condenser to provide reflux to the first column (see Figure 2 ). In the stripping section, the material stream is liquid at its bubble point, and the energy stream is equivalent to the energy added if we include a reboiler to provide vapor to the first column (see Figure 2 ).
Once it has been completed the Petlyuk configuration, the next and final step is the introduction of VRC. As discussed earlier, the objective is the use of excess vapor or liquid stream which is introduced from one to another section in column 2 of Petlyuk configuration.
Depending on whether the stream in excess is vapor in stripping or liquid in enrichment section of the column, the cycle configuration is different, and consequently recovery heat or cold. The different configurations are discussed below. •
Excess of vapor stream in stripping section
When the stream in excess is vapor in stripping section, the energy recovered will be obtained in form of heat, and it could be used in any part of the plant. In this case, this recovered energy will be used to reduce de energy utilities in the reboiler.
The VRC to heat recovery is as follows:
-The stream in excess is vapor at its dew point. This is extracted as a side stream in the column. First, it should be superheated to ensure it does not partially condenser in the subsequent compression stage -Once heated to the required temperature, the stream must be compressed until its temperature reaches a value high enough to ensure a correct heat exchange with the stream to be heated. In this case, we considered that a temperature difference about 15° ensure a correct heat exchange -Next, this compressed stream must be introduced into a heat exchanger where its latent heat of condensation is used to vaporize part of the inlet liquid stream in the reboiler of the DWC, reducing the energetic cost here -Then, the liquid steam is introduced into an expansion valve, where the pressure is reduced until this recovers the value of the operation pressure in DWC -Due to the pressure loss, the liquid stream is partially vaporized. Therefore, this stream must be condensed prior to be introduced into the column. In this case, we used a heat exchanger to condenser it, using water as cooling fluid.
-Finally, this liquid stream (with same pressure inside the column) is divided into two streams. On the one hand, a part of this stream will be reintroduced to the column by the same floor where it was removed (providing the necessary extra reflux for the correct behavior of the stripping section of the column). And in the other hand, the second part of the stream is obtained as intermediate product
The scheme of VRC presented for heat recovery is shown in Figure 3 . 
• Excess of liquid stream in enrichment section
When the stream in excess is liquid in enrichment section, the energy recovered will be obtained in form of cold, and it could be used in any part of the plant. In this case, this recovered energy will be used to reduce de energy utilities in the condenser. Note that this configuration only presents significant economic savings when the cooling utilities temperatures are below 0°C. Because in these cases, the refrigeration cost is very expensive.
The VRC to cold recovery is as follows:
-The stream in excess is liquid at its bubble point. This is extracted as a side stream in the column. The aim is to decrease the temperature of this stream to be used as cooling utility in the condenser. To do this, the stream pressure is reduced until its temperature reaches a value low enough to ensure a correct heat exchange with the stream to be cooled. In this case, we considered that a temperature difference about 15° ensure a correct heat exchange Due to the pressure loss, the liquid stream is partially vaporized. The scheme of VRC presented for heat recovery is shown in Figure 4 . 
Examples and Results
In this section, different examples are presented. Corresponding to each one of the options presented, one case which heat is recovered (see Figure 3 ) and another case which cold is recovered (see Figure  4) . 
Heat recovery configuration (excess of vapor stream in stripping section)
The first one consists in the separation of the mixture of aromatics (p-xylene, cumene, 1,2,4-trimethylbenzene).
The methodology used to do the simulation of the separation of this system using Petlyuk/DWC was discussed in detail in chapter 3. The main characteristics of the different streams involved in the studied simulation are shown in Table 2 . Once, each one of the columns has been characterized using a shortcut model. The first step is to simulate and calculate the energy consumption and cost associated with the separation using a conventional Petlyuk column. The scheme of the Petlyuk column simulated is shown in Figure 5 .
Figure 5. Simulation of Petlyuk configuration column
The next step is to study the effect of introducing the VRC in previous Petlyuk column.
To do this, we simulate and calculate the energy consumption and cost associated with this system. The scheme of this configuration is shown in Figure 6 . 
Total Cost 2270959
The results lead to important conclusions. First, and as expected, the introduction of the CRV in the conventional Petlyuk column generates significant energy savings. It is interesting remark that the savings in energy in the reboiler are greater than 18%. There is also a similar reduction in the energy consumption in the condenser. As expected, the installation of the VRC increases capital cost, particularly the investment increases by 22%, but the global energy cost reduces by 11%. The investment is amortized in less of three years of operation.
After the amortization the savings in utilities cost is around 180000 €/year.
But there are more configurations of distillation columns to separate this mixture, as direct or indirect distillation. Furthermore, it is possible to use VRC in any of these configurations (for this mixture, the VRC is only recommended for direct distillation). To check that the 
Cold recovery configuration (excess of vapor stream in enrichment section)
The first one consists in the separation of the mixture of hydrocarbons (ethylene, ethane, propane).
The methodology used to do the simulation of the separation of this system using Petlyuk/DWC was discussed in detail in chapter 3. The main characteristics of the different streams involved in the studied simulation are shown in Table 5 . Once, each one of the columns has been characterized using a shortcut model. The first step is to simulate and calculate the energy consumption and cost associated with the separation using a conventional Petlyuk column. The scheme of the Petlyuk column simulated is similar that shown in Figure 5 .
To do this, we simulate and calculate the energy consumption and cost associated with this system. The scheme of this configuration is shown in Figure 9 . 
TOTAL ANUAL COST

Equipment 870647
Energy 6049203
Total Cost 6919850
As previous example, the results lead to similar and important conclusions. First, the introduction of the CRV in the conventional Petlyuk column generates significant energy savings. It is interesting remark that the savings in energy in the reboiler are greater than 35%.
There is also a similar reduction in the energy consumption in the condenser. As expected, the installation of the VRC increases capital cost, particularly the investment increases by 38%, but the global energy cost reduces by 28%. The investment is amortized in the first year of operation. After the amortization the savings in utilities cost is around 2380000 €/year.
But there are more configurations of distillation columns to separate this mixture, as direct or indirect distillation. Furthermore, it is possible to use VRC in any of these configurations (for this mixture, the VRC is only recommended for indirect distillation). To check that the configuration proposed in this work provided the best results, we studied the same separation using the other configurations. The schemes of direct and indirect configurations are similar to the Figure 7a and 7b, the scheme of indirect distillation with VRC is shown in Figure 10 .
. 2. Both the heat duties in reboiler and condenser are reduced: the first one is due to the heat integration in the vapor compression; the other due to the reduction of internal vapor and liquid flows in the corresponding section.
3. There is a tradeoff between the savings in energy consumption in reboilers and condensers and, the investment and operation of the new equipment, mainly the compressor.
In conclusion, the new arrangement presented is an important alternative to current 
